Synthesizing compounds with complete enantiopurity has been a paramount challenge in organic chemistry, especially with pharmaceutical drugs or biologically important molecules. Many such compounds [1] have 3-amino-1,2-diol motifs in the backbone, including the antitumor aminocyclopentitol pactamycin, proteasome inhibitor TMC-95A, immunosuppressant antibiotic myriocin, riboflavin (vitamin B2) and hydrogenase coenzyme F420 ( Figure 1 ). The aminodiol moieties in these compounds have generally been accessed by dihydroxylation or epoxidation [2] followed by nucleophilic ring-opening [3] .
Although the kinetic resolution of secondary allylic alcohols has been extensively studied since the emergence of Sharpless epoxidation, there is no efficient system for the kinetic resolution of substituted 2,3-epoxy alcohols. In fact, previous efforts on its asymmetric catalysis are often limited to terminal or meso epoxides. [4] Despite our group's recent developments that provided a catalytic regio-and enantioselective aminolysis of 2,3-epoxy alcohols using a tungsten/bis(hydroxamic acid) system [4] , only primary alcohols have been demonstrated as substrates. Here we report a two-step combined epoxidation/ring-opening methodology [5] starting with a secondary allylic alcohol. This reaction sequence (Scheme 1, top) was shown to generate virtually enantiopure functionalized 3-amino-1,2-diols with three stereogenic centers, an important step forward from the two stereogenic centers in the previous paper.
Figure 1
Potential synthetic targets such as pactamycin, TMC-95A, myriocin, riboflavin and coenzyme F420.
Scheme 1
Top: Two-step combined epoxidation/ring-opening strategy for the synthesis of aminodiols with three-stereogenic centers. Bottom: Ligands and substrates for reaction screening.
Distinct advantages are associated with a two-step kinetic resolution strategy. In the usual kinetic resolution of a racemic mixture, enantioselectivity erodes with reaction progression and plunges after about 50% conversion. (Figure 2 , left) [6] Thus, kinetic resolution is perceived as inefficient in comparison with a normal asymmetric reaction of a prochiral substrate, which exhibits a constant enantioselectivity [6] However, in a two-step system, the second kinetic resolution starts with a non-racemic mixture. And if the two resolution steps have matched stereoselectivity (i.e. the more abundant product of the first step is also the kinetically favored substrate in the second step), the product can maintain exceptional enantiopurity up to high conversion (Figure 2, right) , since the favored substrate's higher concentration and greater rate constant act in synergy. The enhanced enantioselectivity (often more than 99.9 %) would be extremely valuable to the pharmaceutical industry. With respect to catalysis in our particular reaction, the hydroxyl group in the secondary allylic alcohol can serve as the directing group for both asymmetric epoxidation and aminolysis, alleviating the complexity of pre-functionalization and post-treatment. Our combination of two kinetic resolutions for constructing three adjacent stereogenic centers in the molecules is unprecedented to the best of our knowledge. We started by examining our two-step methodology on a few model substrates (compounds 1-5 in Scheme 1) for optimization. Screening of previously established systems WO 2 (acac) 2 /(R,R)-L2, VO(iPr) 3 /(R,R)-L1, Hf(OtBu) 4 /(R,R)-L1 and Ti(OiPr) 4 /(+)-DIPT was performed on the epoxidation of these secondary allylic alcohols. We began with the recent developed WO 2 (acac) 2 /(R,R)-L2 [7] on substrates 1 and 2; the reaction of 1 gave substantial amount of the ketone whereas 2 gave exclusively the double-bond rearranged products. VO(iPr) 3 /(R,R)-L1 catalyst system was attempted subsequently, as well as Sharpless epoxidation with Ti(OiPr) 4 /(+)-DIPT [8] (entry 2); the latter exhibit a much better efficiency with 50% yield, 99.8:0.2 diastereoselectivity, and 92 % enantioselectivity. This system also works well for substrates 1 (entry 1), 3 (entry 5), 4 (entry 9) and 5 (entry 11). Hf(OtBu) 4 /(R,R)-L1, on the other hand gave the syn-epoxy alcohol for 4 as the major diastereomer, which differs from all the other systems. (entry 10) In the subsequent enantioselective aminolysis of 2, 3-epoxy alcohols, only the W(OEt) 6 /L2 approach [4] was attempted, given the scarcity of existing methods. Since all of the known tungstencatalyzed epoxide-opening reactions proceeded with complete C3 regioselectivity via S N 2 mechanism [4, 9] , the theoretical outcome of the combined sequence is four product stereoisomers. Remarkably, when the racemic epoxide of 2 was exposed to asymmetric ringopening conditions with aniline, a high selectivity for one out of the four was observed with 96% ee and >95:5 dr. (entry 4) In tandem with the stereoselective epoxidation, the enantiopurity of final product 2ae was boosted to 99.9 % ee and 99.9:0.1 dr (entry 2), and its absolute configuration was determined by X-ray crystallography as (1S,2R,3R)-1-phenyl-3-(phenyl-amino)hexane-1,2-diol. A comparison between W(OEt) 6 /(S,S)-L2 (entry 5, where ee was enhanced) and W(OEt) 6 /(R,R)-L2 (entry 6, where ee dropped) suggested that the former matches in enantioselectivity, while diastereoselectivity remained unperturbed.
Interestingly, an unusual stereochemical outcome of the reaction sequence was observed for substrates 4 and 5. When Wand Ti-catalyzed epoxidation was combined with W-catalyzed aminolysis, a mismatch in diastereoselectivity was observed. Two experiments (entries 7 and 8), each with only one asymmetric step revealed that W-catalyzed epoxidation gave the anti-epoxy alcohol while W-catalyzed aminolysis preferred the syn-epoxy alcohol. Hfcatalyzed epoxidation, surprisingly, showed a preference for synepoxy alcohol, and provided access to 1,2,3-syn, anti-amino diols (entry 10), which was unusual in the literature. Figure 4 Substrate scope of the combined system of titanium-catalyzed or hafnium catalyzed asymmetric epoxidation and tungsten-catalyzed ring-opening. Letter a, b, c, d, e, f represents methods used in Table 1 , for example 1ae denotes substrate 1 was subject to epoxidation by method a and ring-opening by method e. (Refer to SI for details) Yield refers to yield for each individual step, not overall yield. Please do not adjust margins
Please do not adjust margins
To explore the substrate scope of our system, different substrates and amine nucleophiles were evaluated and excellent stereochemical outcomes were obtained for most of them ( Figure  4) . Generally, reactions with these substrates proceed with 69 % to 98 % yield, 98.8-99.9 % ee and 99.5:0.5-99.9 :0.1 dr. Starting from the model substrate 2, we varied the structure of R 1 (8ae) and R 2 (6ae and 7ae), and all gave remarkable stereoselectivity, though low yield was obtained from the more hindered compound 8 bearing an isopropyl group. Derivatives from substrate 3 gave high yields (9ae and 10 ae), but 9ae gave relatively lower enantioselectivity of 96 %. Variations on the nucleophilic amine, such as substituted aniline (2ae1, 2ae2 and 2ae3) and secondary amine (2ae4) all proceeded smoothly with exceptionally high yield and stereoselectivity, while heterocyclic amine (3ae2) encountered lower reactivity and selectivity. Reversing the enantiomeric identity of both catalysts to Ti(OiPr) 4 /(-)-DIPT and W(OEt) 6 /(R,R)-L2 provided the anticipated product 2bf, the enantiomer of 2ae. The reactions with 4ae and 5ae were much slower as anticipated due to a mismatch in diastereoselectivity, nevertheless products were generated with good enantioselectivity.
These remarkable results presented a route to virtually enantiopure 3-amino-1,2-diols by cascade of an asymmetric epoxidation with a tungsten-catalyzed aminolysis. The products synthesized in this paper (up to >99.9% ee and >99.9:0.1 dr) are significant since this level of enantiopurity (>99.9 % ee) is rare in the literature but are of great importance to the pharmaceutics given the ubiquity of the aminodiol motif in many drug candidates.
Conclusions
In summary, we have accomplished the highly enantioselective synthesis of aminodiols with three stereocenters by combining a Ti(OiPr) 4 /(+)-DIPT or Hf(OtBu) 4 /(R,R)-L1 catalyzed asymmetric epoxidation with a subsequent enantioselective aminolysis using W(OEt) 6 /(S,S)-L2, with up to > 99.9 % ee and > 99.9:0.1 dr. This sequential approach, which tolerates a broad substrate scope and various amines, provides access to pharmaceutical or biological significant molecules.
